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INTRODUCTION 

The  multi-protein  kinase  mTORCI  (mammalian  target  of  rapamycin  complex  1)  regulates  cell 
growth  by  coordinating  upstream  signals  from  growth  factors,  intracellular  energy  levels,  and 
amino  acid  availability  and  is  deregulated  in  diseases  such  as  cancer  and  diabetes.  The  TSC1/2 
complex  is  the  main  convergence  point  of  many  upstream  regulatory  signals  in  the  mTORCI 
signaling  network,  with  the  notable  exception  of  amino  acid  availability.  TSC1/2  is  a  GTPase 
activating  protein  (GAP)  for  the  small  GTPase  Rheb,  which  binds  directly  to  mTORCI  and 
stimulates  its  activity  when  GTP-bound.  In  response  to  growth  factor  withdrawal  or  energy 
stress,  activation  of  TSC1/2  leads  to  mTORCI  inhibition  by  decreasing  Rheb-GTP  levels.  In 
contrast  to  growth  factor  signaling,  the  mechanism  of  regulation  of  mTORCI  activity  in  response 
to  amino  acids  is  poorly  understood  and  puzzling.  Although  Rheb  is  necessary  for  mTORCI 
activation,  high  Rheb-GTP  levels  achieved  by  TSC2  loss  or  Rheb  over-expression  have 
different  effects  on  amino  acid  signaling  to  mTORCI.  While  in  TSC2  null  state  cells  still  respond 
to  amino  acid  stimulation,  Rheb  over-expression  makes  the  pathway  insensitive  to  amino  acid 
starvation.  Although  the  mechanism  of  this  difference  is  not  known,  it  points  to  the  presence  of 
other  players  in  amino  acid  signaling.  Given  that  the  mTOR  pathway  is  an  important  target  in 
TSC  treatment,  understanding  how  impairment  of  TSC1/2  function  results  in  the  activation  of 
mTORCI  is  critical.  In  particular,  there  is  a  lack  of  information  about  the  nutrient  and  growth 
factor  input  to  the  mTORCI  complex  and  the  inhibitory  mechanism  of  rapamycin.  With  the  long¬ 
term  goal  of  developing  anti-cancer  therapeutics  based  on  mTORCI  regulatory  mechanisms, 
our  structural  and  biochemical  studies  aim  to  find  efficient  means  of  regulating  the  mTOR 
signaling  network.  Therefore,  we  propose  structural  analysis  of  mTORCI  as  well  as  mechanistic 
analysis  of  mTORCI  activation  via  Rheb. 


BODY 

Aim  1:  Understand  the  role  of  Rheb-mediated  phosphorylation  of  Raptor  in  the  regulation  of 

mTORCI 

Recently,  the  identification  of  Rag  GTPases  as  components  of  in  amino  acid  signaling  to 
mTORCI  provided  new  insight.  Mammals  have  four  Rag  GTPases  (RagA-D)  that  form  two 
different  functional  classes  in  terms  of  mTORCI  signaling.  RagA  and  RagB  activate  mTORCI 
when  GTP-bound  as  opposed  to  RagC  and  RagD,  which  have  an  inhibitory  effect  on  mTORCI 
when  GTP-bound  (1).  Amino  acid  stimulation  induces  GTP  loading  of  RagB,  which  enables  a 
direct  interaction  between  Raptor  component  of  mTORCI  and  Rag  GTPases.  As  a  result  of 
amino  acid  stimulation,  mTORCI  localizes  to  Rab7  positive  membranes,  and  this  translocation 
is  dependent  on  the  presence  of  Rag  GTPases  as  well  as  Raptor.  When  either  is  knocked  down 
by  RNAi,  mTOR  localization  change  and  activation  by  amino  acid  stimulation  are  prevented. 

Intracellular  localization  of  mTORCI  is  now  accepted  to  be  a  major  determinant  of  its 
activity,  however,  the  identity  of  the  membranes  that  mTORCI  associates  with  is  still  poorly 
defined.  Previously  we  showed  that  mTOR  changes  its  cellular  localization  from  cytoplasm  to 
Rab7  positive  membranes  in  response  to  amino  acid  stimulation.  Because  Rab7  marks  both 
late  endosomes  and  lysosomes,  we  used  lysosome  associated  membrane  protein  (LAMP),  a 
lysosome  specific  protein,  to  unambiguously  identify  these  membranes.  Surprisingly,  we  found 
that  mTORCI  associates  with  lysosomes  in  response  to  amino  acids,  and  Rag  GTPases  are 
also  lysosome-associated  proteins,  but  unlike  mTORCI,  their  intracellular  localization  is  not 
affected  by  amino  acid  availability  (Figure  1). 
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Figure  1.  mTORCI  pathway  proteins  associate  with  lysosomes.  (a)  RagC  localizes  to  lysosomes  independent  of  amino  acid 
availability  (b)  mTOR  and  (c)  Raptor  associate  with  lysosomes  in  the  presence  of  amino  acids  only. 
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Given  the  importance  of  TSC1/2  complex 
and  Rheb  in  activation  of  mTORCI,  we 
investigated  whether  TSC2  or  Rheb  loss  affect 
mTORCI  localization  in  response  to  amino 
acids.  Neither  TSC2  loss  nor  Rheb  knock-down 
by  RNAi  altered  mTORCI  localization,  although 
activation  of  mTORCI  was  blunted  when  Rheb 
was  knocked-down  (Figures  2). 

Our  results  clearly  showed  that  Rheb 
does  not  regulate  mTORCI  localization, 
however,  it  is  required  for  amino  acid-induced 
mTORCI  activation.  We  proposed  that  these 
observations  could  be  explained  by  a  model 
where  Rag  GTPases  localize  mTORCI  to 
lysosomal  membranes  in  the  presence  of  amino 
acids,  enabling  mTORCI -Rheb  contact  and 
mTORCI  activation.  One  major  prediction  of  this 
model  would  be  that  if  mTORCI  can  be 
constitutively  localized  to  lysosomes,  its  activity 
should  be  independent  of  amino  acid  availability. 

In  order  to  test  this  model,  we  targeted  mTORCI  to  lysosomes  by  adding  Rheb 
localization  sequence  (the  last  15  amino  acids  of  Rheb)  to  the  carboxyl  terminus  of  Raptor.  This 
small  modification  in  Raptor  was  sufficient  to  localize  mTORCI  to  lysosomes  independent  of 
amino  acid  availability  (Figure  3A).  Most  importantly,  as  predicted  by  our  model,  expression  of 
lysosome-targeted  Raptor  made  the  mTORCI  pathway  insensitive  to  amino  acid  starvation 
(Figure  3B). 
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Figure  2.  TSC1/2  and  Rheb  do  not  regulate  mTORCI 
localization  in  response  to  amino  acids,  (a)  Lysosomal 
mTOR  localization  in  response  to  amino  acid  stimulation  is 
independent  of  TSC2.  (b)  Lysosomal  mTOR  localization  in 
response  to  amino  acid  stimulation  is  independent  of  Rheb. 
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Figure  3.  Addition  of  Rheb  localization  sequence  to  Raptor  is  sufficient  to  mediate  mTORCI  signaling  independent  of 
amino  acid  availability,  (a)  Lysosomal  mTOR  localization  in  response  to  Rheb15  sequence,  (b)  Constitutive  lysosomal 
localization  of  Raptor  makes  the  mTORCI  pathway  insensitive  to  amino  acid  starvation 


Aim  2:  Elucidate  the  structural  features  of  mTORCI  and  its  interacting  proteins  via  X-rav 

crystallography,  cryo-EM  and  SAXS 

mTOR  is  an  evolutionarily  conserved  serine/threonine  kinase  that  integrates  environmental  cues 
and  regulates  cellular  processes  pertaining  to  cell  growth,  including  mRNA  translation,  ribosome 
biogenesis,  autophagy,  and  metabolism.  In  recent  years,  mTOR  has  emerged  as  a  critical 
component  of  the  oncogenic  phosphoinositide  3-kinase  (PI3K)  signaling  pathway  (2),  and  due  to 
its  prominent  role  in  tumor  growth,  understanding  the  structural  features  of  mTOR  is  crucial  for 
the  rational  development  of  mTOR  inhibitors  (3).  mTOR  participates  in  two  structurally  and 
functionally  distinct  signaling  complexes,  mTOR  complex  1  (mTORCI)  and  mTOR  complex  2 
(mTORC2).  mTORCI,  which  consists  of  mTOR,  Raptor,  mLST8,  and  PRAS40,  is  acutely 
sensitive  to  inhibition  by  the  small  molecule  rapamycin,  and  promotes  cell  autonomous  growth 
in  part  through  two  downstream  substrates,  S6  kinase  1  (S6K1)  and  the  translational  inhibitor 
elF-4E-binding  protein  1  (4E-BP1).  Phosphorylation  of  both  proteins  promotes  the  upregulation 
of  cell  growth  machinery  through  their  influence  on  cap-dependent  translation  (4-7). 


II 


a 


mTCl4<:[0V 


OboQ' 


Figure  4.  mTORCI  purification,  (a)  SDS- 
PAGE  and  western  blot  analyses  of  mTORCI 
components  and  their  predicted  domain 
structures,  (b)  In  vitro  kinase  assay,  (c)  EM  of 
negatively  stained  mTORCI  (scale  bar  =  50 
nm). 


mTOR  is  a  member  of  the  family  of  phosphoinositide 
3-kinase-related  kinases  (PIKK),  and  due  to  its  large  size 
and  multiple  interacting  proteins,  the  overall  architecture  and 
subunit  organization  of  mTORCI  are  poorly  understood  (4). 
Furthermore,  the  specific  roles  of  the  various  components  of 
mTORCI  and  how  they  collectively  confer  to  the  regulation 
of  the  intact  complex  remains  unclear.  To  gain  a  better 
understanding  of  the  structural  features  of  mTORCI,  we 
developed  a  method  to  purify  human  mTORCI,  and  applied 
EM  approaches  to  assess  its  structure.  Our  purification 
method  overcomes  a  number  of  key  issues  that  complicate 
efforts  to  obtain  homogeneous  mTORCI,  including:  (1) 
mTORCI  is  large  and  often  does  not  survive  isolation, 
preventing  extensive  biochemical  analysis;  (2)  mTORCI  is 
defined  by  several  conserved  domains  that  nucleate  multiple 
protein-protein  interactions,  hindering  the  homogeneity  and 
proper  folding  of  the  purified  protein;  (3)  mTORCI  requires 
an  adequate  expression  system  that  can  accommodate  the 
expression  of  endogenous  mTOR  interacting  proteins  and 
their  post-translational  modifications.  Utilizing  a  HEK293T 
cell  line  stably  expressing  N-terminal  FLAG-tagged  Raptor,  we  purified  mTORCI  by  anti-FLAG 
agarose  and  gel  filtration  chromatography  (Figure  1A).  In  addition  to  SDS-PAGE  analysis, 
purified  fractions  were  analyzed  by  mass  spectrometry  to  confirm  the  presence  of  the  known 
mTORCI  components,  and  the  biochemical  activity  of  the  complex  was  assessed  by  in  vitro 
kinase  assays  (Figure  1B).  EM  images  of  purified  mTORCI  in  negative  stain  revealed  particles 
homogeneous  in  size  and  shape  (Figure  1C).  Projection  averages  calculated  from  a 
classification  of  10,080  particle  images  illustrated  that  mTORCI  has  an  elongated,  rhomboid 
shape  with  “feet-like”  protrusions  emanating  from  both  ends  of  the  molecule  and  features  a 
central  cavity  (Figure  1C).  The  averages  displayed  a  two-fold  symmetry,  providing  evidence  for 
the  obligate  dimeric  organization  of  mTORCI  that  had  been  previously  proposed  by  genetic  and 
co-immunoprecipitation  studies  (8-10). 

To  determine  the  three- 
dimensional  (3D)  structure  of 
mTORCI,  we  produced  a  reliable 
initial  model  by  calculating  a  random 
conical  tilt  (RCT)  reconstruction  with 
50°/0°  tilt  pair  images  of  cryo- 
negatively  stained  specimens. 
Collecting  images  of  vitrified 
mTORCI  specimens  initially  proved 
difficult  due  to  low  protein 
concentration  (attempts  to 
concentrate  mTORCI  samples  were 
unsuccessful)  and  strong  tendency  of 
mTORCI  to  dissociate  upon  contact 
with  the  air-water  interface.  We 
overcame  these  difficulties  by 
adsorbing  mTORCI  to  a  thin  carbon 
film  prior  to  vitrification.  Even  so  only 
a  few  particles  were  present  (Figure 
2A),  requiring  us  to  collect  a  large 
number  of  images  to  obtain  a 
sufficient  number  of  particles  for  structure  determination.  The  carbon  film  also  induced  mTORCI 
to  adsorb  to  the  grid  in  a  preferred  orientation,  making  it  necessary  to  collect  images  of  tilted 
specimens  to  obtain  the  multiple  views  needed  for  a  3D  reconstruction.  The  final  data  set 


Figure  5.  Cryo-EM  reconstruction  of  mTORCI  and  moiecuiar 
organization,  (a)  Image  of  a  vitrified  specimen  showing  individual  mTORCI 
particles  (scale  bar  =  50  nm).  (b)  Different  views  of  the  3D  reconstruction  of 
mTORCI  low-pass  filtered  to  26  A.  (c)  Molecular  organization  of  mTORCI 
predicted  by  antibody  labeling. 


contained  28,325  particle  images,  including  3,905  from  45°  tilted  specimens.  A  3D 
reconstruction  was  calculated  by  aligning  these  individual  images  to  the  initial  model  produced 
with  the  cryo-negatively  stained  sample,  followed  by  iterative  refinement  of  their  orientation 
parameters.  An  estimated  resolution  of  the  final  reconstruction  is  26  A  according  to  the  Fourier 
shell  correlation  =  0.5  criterion.  However,  the  resolution  is  clearly  anisotropic,  with  lower 
resolution  in  the  direction  perpendicular  to  the  carbon  film,  a  result  of  the  limited  number  of 
views  other  than  the  face-on  view.  mTORCI  has  overall  dimensions  of  approximately  290A  x 
21 OA  X  135A  (Figure  2B).  Assuming  that  there  are  two  subunits  of  each  of  the  four  components, 
a  fully  assembled  mTORCI  has  a  calculated  molecular  mass  of  IMDa,  which  is  consistent  with 
the  estimated  volume  of  the  reconstruction  (approximately  1.4  x  10®  A^  at  the  contour  level  of 
the  displayed  map). 

The  cryo-EM  structure  of  the  central  cavity  reveals  an  oval  shape  when  viewed  from  one 
face,  but  a  rectangular  shape  from  the  opposite  face,  with  two  troughs  located  at  the  extensions 
linking  the  central  core  to  the  “feet-like”  structures.  While  the  biological  relevance  of  this  cavity 
remains  elusive,  this  finding  is  significant  considering  how  structurally  dynamic  mTORCI 
appears  to  be.  Hence,  its  location  between  the  two  monomeric  complexes  may  enable 
substrates  such  as  4E-BP1  to  shuttle  between  the  two  mTOR  active  sites  within  mTORCI. 
Consistent  with  this  idea,  4E-BP1  has  multiple  mTORCI  phosphorylation  sites  (11). 
Alternatively,  the  central  cavity  may  support  a  structural  flexibility  of  the  complex  to  facilitate 
mTOR  autophosphorylation  (12).  Because  its  size  (~40  A  x  28  A)  is  large  enough  to 
accommodate  double-stranded  DMA  (dsDNA),  another,  albeit  less  likely,  possibility  is  that  the 
cavity  may  serve  as  a  docking  plaform  for  nucleic  acids.  While  mTORCI  has  not  yet  been 
shown  to  interact  with  dsDNA,  several  members  of  the  PIKK  family,  most  notably  DNA-PK,  are 
known  to  mediate  DMA  repair  by  directly  binding  to  dsDNA  (13). 

While  the  cryo-EM  structure  revealed  the  overall  shape  of  mTORCI,  at  the  current 
resolution  it  was  impossible  to  define  intermolecular  and  intersubunit  boundaries.  Therefore,  we 
performed  antibody  labeling  experiments  to  localize  individual  subunits  within  mTORCI, 
including  Raptor  (FLAG),  mLST8,  and  PRAS40.  The  particles  were  imaged  by  negative  stain 
EM  and  analyzed  by  classification  and  image  averaging.  We  discovered  that  mLST8  localizes  to 
the  distal  “foot-like”  structures,  PRAS40  to  the  small  tips  in  the  mid-section  of  the  central  core, 
and  Raptor  to  the  corner  of  the  core  (Figure  2C).  The  occasional  observation  of  double-labeled 
particles  provided  further  assurance  for  the  dimeric  organization  of  mTORCI . 

Interestingly,  the  FLAG- 
tagged  Raptor  that  did  not 
incorporate  into  mTORCI  eluted  as 
a  separate  peak  from  gel  filtration 
(Figure  3A).  Negative  stain  EM 
showed  that  purified  Raptor  is 
homogeneous  in  size  and  shape 
(Figure  3B).  The  3D  reconstruction 
of  Raptor,  determined  by  the  RCT 
approach  using  6070°  image  pairs 
of  negatively  stained  specimens 
revealed  that  its  overall  shape 
resembles  a  “comma”  with  the 
circular  lobe  likely  representing  the 
predicted  C-terminal  WD40  domain 
(Figure  3C).  Utilizing  the  antibody 
labeling  data  as  a  guide,  the 
structure  of  mTORCI  provides  an 
adequate  framework  in  which  the 
EM-reconstruction  of  Raptor  can  be 
meaningfully  fitted  (gold  surface  in 
Figure  3D).  By  subtracting  two 
copies  of  Raptor,  the  densities 

{purple  star). 


Figure  6.  3D  reconstruction  of  Raptor  and  molecular  docking,  (a) 

Purification  of  Raptor,  (b)  EM  image  of  negatively  stained  Raptor  (scale  bar  = 
25  nm).  (c)  Different  views  of  the  Raptor  3D  reconstruction  (scale  bar  =  2.5 
nm).  (d)  Molecular  docking.  Two  copies  of  the  Raptor  3D  reconstruction  {gold) 
and  two  models  of  a  representative  WD40  domain  (PDB  code  3EMH,  red) 
were  placed  into  the  cryo-EM  density  map  {gray).  The  green  asterisk  depicts 
the  location  of  PRAS40  as  determined  by  antibody  labeling.  The  blue  dotted 
line  represents  the  dimer  interface,  (e)  The  proposed  locations  of  the  N-  and 
C-terminal  domains  (marked  “N”  and  “C”)  and  the  kinase  domain  of  mTOR 


occupied  by  two  mTOR  subunits  can  be  predicted,  while  accounting  for  a  minor  contribution  by 
mLST8.  mLST8,  an  obligate  binding  partner  of  mTOR,  is  solely  composed  of  a  single  WD40 
motif,  and  according  to  our  antibody  labeling  experiment,  we  docked  two  WD40  models  (PDB 
code  3EMH)  into  our  cryo-EM  map  (red  ribbon  diagram  in  Figure  3D).  Lastly,  PRAS40  is  located 
at  the  central  tips  in  mtORCI  (indicated  by  green  asterisk  in  Figure  3D).  After  detecting  these 
three  subunits,  we  reasoned  that  the  remaining  unassigned  density  must  represent  mTOR, 
which  would  occupy  the  space  between  the  two  Raptor  molecules,  forming  two  distinct 
interfaces  (labeled  I  and  II  in  Figure  3E).  Because  mLST8  is  known  to  interact  near  the  C- 
terminal  kinase  domain  of  mTOR,  we  suspect  that  the  kinase  domain  is  adjacent  to  the  “foot” 
(indicated  by  the  purple  star  in  Figure  3E).  From  the  position  of  the  kinase  domain,  we  deduce 
that  the  N-terminus  of  mTOR  interacts  with  the  flat  face  of  one  Raptor  molecule,  forming 
interface  I,  whereas  the  C-terminus  interacts  with  the  side  of  the  second  Raptor  molecule 
(Figure  3E),  forming  interface  II.  This  arrangement  agrees  with  previous  domain  mapping 
studies,  which  show  that  Raptor  associates  with  the  N-terminal  HEAT  repeats  and  the  C- 
terminal  FAT  domain  of  mTOR.  These  interlocking  Raptor-mTOR  interactions  within  the  central 
core  provide  an  understanding  of  the  basis  of  dimerization  and  illustrate  the  crucial  function  of 
Raptor  in  mediating  and  maintaining  the  higher-order  organization  of  mTORCI.  The  peripheral 
location  of  mLST8,  which  only  contacts  one  mTOR  molecule,  may  help  mediate  substrate  entry 
into  the  catalytic  site  and/or  “lock”  the  mTOR  kinase  domain  into  a  specific  conformation 
required  for  activity.  However,  mLST8  may  not  be  crucial  in  preserving  the  kinase  function  of 
mTORCI,  as  evidenced  by  mLST8  deficient  mice,  since  it  is  not  required  to  maintain  the 
integrity  of  the  mTOR-Raptor  interaction.  Finally,  our  model  suggests  that  PRAS40  localizes  in 
close  proximity  to  Raptor  (asterisk  in  Figure  3D),  which  is  in  agreement  with  the  known  binding 
of  PRAS40  to  Raptor.  Interestingly,  some  class  averages  of  purified  Raptor  showed  an 
additional,  small  density,  which  may  represent  bound  PRAS40.  This  interpretation  is  supported 
by  Western  blots,  showing  PRAS40  to  be  present  in  the  analyzed  Raptor  fraction  (Figure  3A). 

With  a  more  detailed  understanding  of  the  molecular  architecture  and  subunit 
organization  of  mTORCI,  we  next  investigated  how  rapamycin  inhibits  mTOR  kinase  activity.  As 
an  allosteric  inhibitor  of  mTORCI,  rapamycin  requires  the  intracellular  protein  FKBP12  to  form  a 
gain-of-function  complex,  which  directly  interacts  with  the  FKBP12-rapamycin-binding  (FRB) 
domain  of  mTOR  (14).  A  crystal  structure  of  FKBP12-rapamycin  in  complex  with  the  FRB 
domain  of  mTOR  was  previously  reported  (15).  However,  it  remains  unclear  how  this  interaction 
prevents  phosphorylation  of  direct  mTOR  substrates.  Other  biochemical  studies  indicate  that 
the  interaction  between  FKBP12-rapamycin  and  mTORCI  induces  a  conformational  change 
that  weakens  the  mTOR-Raptor  interaction  (5,6).  To  test  this  hypothesis,  we  incubated 
mTORCI  with  N-terminal  GST-tagged  FKBP12  in  the  presence  of  50nM  rapamycin  for  15 
minutes,  and  then  visualized  the  particles  by  negative  stain  EM.  Although  raw  images  did  not 
reveal  any  obvious  structural  changes,  image  classification  showed  that  about  10%  of  the 
particles  had  an  additional  density  tethered  to  the  region  we  assigned  to  mTOR  and  directly 
opposite  of  Raptor,  likely  constituting  FKBP12-rapamycin  (Figure  4A).  Interestingly,  we  did  not 
observe  individual  particles  or  averages  of  mTORCI  showing  two  extra  densities,  suggesting 
that  either  mTORCI  cannot  accommodate  two  rapamycin  complexes  or  this  intermediate  is 
short  lived. 

While  acute  exposure  to  FKBP12-rapamycin  did  not  affect  the  structural  integrity  of 
mTORCI,  extended  incubations  resulted  in  a  drastic  reduction  in  the  total  number  of  intact 
mTORCI  particles.  Many  smaller  fragments  appeared  in  the  background,  suggesting  that 
FKBP12-rapamycin  may  cause  a  disassembly  of  mTORCI  (Figure  4B,C).  Once  initiated,  this 
dissociation  appeared  to  be  swift,  as  we  were  unable  to  detect  intermediates  with  defined 
structures  during  the  course  of  the  reaction.  After  one  hour  of  incubation,  no  intact  mTORCI 
particles  could  be  detected,  and  the  sample  contained  only  disordered  fragments,  likely 
representing  free  mTOR  or  its  subcomplexes  and  undefined  aggregates  (Figure  4B,C). 

The  mechanism  of  rapamycin-mediated  inhibition  of  mTORCI  is  a  highly  dynamic 
process.  Previous  co-immunoprecipitation  experiments  suggests  that  transformation  of  the 
physical  assembly  of  mTORCI  is  likely  responsible  for  rapamycin’s  effect  on  S6K1  and  4E-BP1 
(16).  Although  structural  perturbation  of  mTORCI  may  be  the  primary  cause  of  reduced 


activation  of  S6K1  and  4E-BP1,  at  least  in  vitro,  our  observation  that  mTORCI  undergoes  time- 
dependent  disassembly  upon  rapamycin  treatment  indicates  that  the  inhibitory  mechanism  is, 
perhaps,  more  compiicated.  Because  mTORCI ’s  substrates  appear  to  exhibit  different  binding 
affinities  for  Raptor,  effects  of  rapamycin  on  4E-BP1  and  S6K1  may  also  reflect  a  difference  in 
time-dependence  in  vivo  (16).  To  test  this  hypothesis,  we  treated  HEK-293T  cells  with  either 
rapamycin  or  Torini,  an  ATP-competitive  inhibitor  of  mTOR  recently  identified  (17),  and 
assessed  the  inhibition  of  S6K1  and  4E-BP1  phosphoryiation  over  a  period  of  two  hours  by 
immunoblotting  (Figure  4D).  As  expected,  both  inhibitors  led  to  very  rapid  loss  of  S6K1 
phosphorylation  within  5  minutes.  However,  rapamycin-induced  inhibition  of  4E-BP1 
phosphoryiation  and  concomitant  association  with  elF-4E  occurred  only  after  30-60  minutes  of 
rapamycin  treatment  in  comparison  to  within  minutes  with  Torini  treatment. 

Because  the  effect  of 
rapamycin  on  4E-BP1  was 
detected  on  a  similar  time-scale  as 
mTORCI  dissociation  observed 
upon  FKBP12-rapamycin 

treatment  in  our  EM  anaiysis,  we 
next  measured  the  kinetics  of 
rapamycin-induced  4E-BP1 

dephosphoryiation  by  in  vitro 
kinase  assays.  Despite  an  obvious 
attenuation  of  S6K1 

phosphorylation  by  rapamycin  and 
Torini  within  5  minutes  of 
treatment,  we  determined  the 
inhibition  of  recombinant  4E-BP1 
by  rapamycin  to  be  highly  time- 
dependent,  requiring  up  to  60 
minutes  of  incubation  time  (Figure 
4D).  We  reason  that  this 
discrepancy  could  be  a 
consequence  of  different  binding 
affinities  of  two  substrates  for  Raptor.  It  is  known  that  S6K1  interacts  more  weakly  with  Raptor 
than  4E-BP1  does,  suggesting  that  affinity  may  aiter  mTORCTs  structure  to  aiiow  the 
phosphorylation.  To  assess  this  latter  assumption,  we  performed  in  vitro  kinase  assays  using 
immuno-purified  mTOR  in  the  presence  of  Triton  X-100,  which  completely  disrupts  Raptor- 
mTOR  association  (4,5).  While  mTORCI  with  Raptor  depieted  can  no  ionger  faciiitate  the 
phosphoryiation  of  4E-BP1,  S6K1  phosphoryiation  was  not  largely  affected,  suggesting  that  the 
mTOR  kinase  can  catalyze  phosphorylation  of  S6K1  with  or  without  Raptor. 

Based  on  these  observations  and  our  knowledge  of  the  molecular  organization  of 
mTORCI,  we  propose  the  foilowing  modei  for  FKBP12-rapamycin  mediated  inhibition  of 
mTORCI.  Initial  binding  of  one  FKBP12-rapamycin  may  cause  a  subtle  conformational  change 
in  mTOR  that  weakens  the  essential  mTOR-Raptor  interactions,  but  does  not  suffice  to  disrupt 
the  dimeric  architecture.  Moreover,  the  bound  FKBP12-rapamycin  may  occiude  substrate 
binding  and/or  biock  substrate  access  to  the  active  site,  resuiting  in  short-term  inhibition 
observed  for  the  substrate  S6K1 .  Over  time,  either  amplified  structural  strain  caused  by  first 
FKBP12-rapamycin  or,  perhaps,  binding  of  the  second  rapamycin  complex  would  lead  to  an 
instantaneous  and  compiete  disintegration  of  the  aiready  “weakened”  mTORCI.  Consequentiy, 
4E-BP1,  capable  of  withstanding  minor  structural  alterations  due  to  its  relatively  strong  affinity 
for  Raptor,  may  not  present  itself  to  mTORCI,  and  thus,  4E-BP1  phosphorylation  is  affected  by 
rapamycin  only  when  the  complex  is  fully  disassembled. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Characterized  intracellular  localization  of  mTORCI  pathway  components 

•  Locaiized  mTORCI  to  different  celluiar  membranes 
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Figure  7.  Effect  of  rapamycin-FKBP12  treatment,  (a)  Localization  of  the 
mTOR  FKBP12-rapamycin  binding  (FRB)  domain  in  mTORCI.  (b)  Time  course 
study  of  rapamycin-FKBP12  treatment.  The  inset  in  each  image  shows  an 
enlarged  view  of  the  area  marked  by  the  white  square  (scale  bar  =  100  nm).  (c) 
Time  course  study  of  Torini  treatment,  (d)  Inhibition  of  mTORCI  with  rapamycin 
inhibits  phosphorylation  of  4E-BP1 ,  not  S6K1 ,  in  a  time-dependent  manner  in 
vivo  and  /n  vitro. 


•  Identified  of  a  lysosome  based  signaling  system  that  is  important  for  amino  acid 
signaling 

•  Developed  purification  methods  for  human  mTORCI  and  free  Raptor 

•  Deciphered  the  structures  of  mTORCI  and  free  Raptor  by  cryo-EM 

•  Labeled  mTORCI  with  antibodies  targeting  Raptor,  mLST8  and  PRAS40 

•  Characterized  the  mechanism  of  mTORCI  inhibition  by  FKBP12-rapamycin 

•  Developed  Torini  as  a  highly  potent  and  specific  mTOR  inhibitor 

REPORTABLE  OUTCOMES 

•  Thoreen,  C.C.,  Kang,  S.A.,  Chang,  J.W.,  Liu,  Q,  Zhang,  J.,  Gao,  Y.,  Reichling,  L.J.,  Sim, 
T.  Sabatini,  D.M.,  and  Gray,  N.S.  An  ATP-competitive  mTOR  inhibitor  reveals 
rapamycin-insensitive  functions  of  mTORCI.  J.  Biol.  Chem.  2009,  284  (12),  8023-8032. 

CONCLUSION 

Aim  1:  Our  results  demonstrate  conclusively  for  the  first  time  that  TSC1/2  and  Rheb  do  not 
regulate  mTORCI  localization,  and  that  lysosomal  localization  of  mTORCI  is  necessary  and 
sufficient  for  its  activation  by  amino  acids.  Moreover,  our  results  suggest  the  existence  of  a 
lysosome-based  signaling  system  and  implicate  lysosomal  membranes  as  the  location  of  the 
amino  acid  sensor  of  the  mTORCI  pathway. 

Aim  2:  For  years,  lack  of  meaningful  structural  information  of  the  mTOR  complexes  has 
prevented  us  from  answering  a  number  of  key  questions  concerning  the  mechanism  of  the 
action  of  the  mTOR  kinase,  kinase-substrate  interactions,  and  ultimately,  its  inhibition  by 
FKBP12-rapamycin.  Our  cryo-EM  structure  of  mTORCI  reveals  that  the  holoenzyme  exists  as 
an  obligate  heterodimer,  in  which  Raptor  provides  a  basis  for  the  complex  assembly  in  part  by 
scaffolding  mTOR  through  its  multiple  protein-protein  interfaces.  Even  though  the  exact 
structural  dynamics  of  mTORCI  with  regard  to  kinase  activity  remain  elusive,  the  gross 
conformational  changes  associated  with  rapamycin  binding  are  critical  for  the  substrate-specific 
inhibition  of  mTORCI . 
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The  mammalian  target  of  rapamycin  (mTOR)  kinase  is  the 
catalytic  subunit  of  two  functionally  distinct  complexes, 
mTORCl  and  mTORC2,  that  coordinately  promote  cell  growth, 
proliferation,  and  survival.  Rapamycin  is  a  potent  allosteric 
mTORCl  inhibitor  with  clinical  applications  as  an  immunosup¬ 
pressant  and  anti-cancer  agent.  Here  we  find  that  Torinl,  a 
highly  potent  and  selective  ATP-competitive  mTOR  inhibitor 
that  directly  inhibits  both  complexes,  impairs  cell  growth  and 
proliferation  to  a  far  greater  degree  than  rapamycin.  Surpris¬ 
ingly,  these  effects  are  independent  of  mTORC2  inhibition  and 
are  instead  because  of  suppression  of  rapamycin-resistant  func¬ 
tions  of  mTORCl  that  are  necessary  for  cap-dependent  transla¬ 
tion  and  suppression  of  autophagy.  These  effects  are  at  least 
partly  mediated  by  mTORCl -dependent  and  rapamycin-resist¬ 
ant  phosphorylation  of  4E-BP1.  Our  findings  challenge  the 
assumption  that  rapamycin  completely  inhibits  mTORCl  and 
indicate  that  direct  inhibitors  of  mTORCl  kinase  activity  may 
be  more  successful  than  rapamycin  at  inhibiting  tumors  that 
depend  on  mTORCl. 


The  mammalian  target  of  rapamycin  (mTOR)^  pathway  is 
considered  a  major  regulator  of  cell  growth.  The  mTOR  serine/ 
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threonine  kinase  is  the  founding  component  of  the  pathway  and 
the  catalytic  subunit  of  two  functionally  distinct  protein  com¬ 
plexes,  mTORCl  and  mTORC2.  mTORCl  contains  the  large 
protein  Raptor,  as  well  as  mLST8/Gj3L  and  PRAS40,  whereas 
mTORC2  is  defined  by  the  protein  Rictor  and  also  includes 
Sinl,  Protor,  and  mLST8/Gj3L  (1).  Growth  factors,  such  as 
insulin  and  IGF,  activate  both  complexes,  and  they  are  impor¬ 
tant  downstream  effectors  of  the  PI3K/PTEN  signaling  net¬ 
work  (2).  Additionally,  the  availability  of  nutrients,  like  amino 
acids  and  glucose,  regulates  mTORCl. 

Many  insights  into  mTOR  signaling  have  come  from  inves¬ 
tigations  into  the  mechanism  of  action  of  rapamycin,  a  bacteri- 
ally  produced  macrolide  inhibitor  of  mTOR  that  has  diverse 
clinical  applications  as  an  anti-fungal,  immunosuppressant, 
and  anti-cancer  drug  (3).  Rapamycin  acts  through  an  unusual 
allosteric  mechanism  that  requires  binding  to  its  intracellular 
receptor,  FKBP12,  for  inhibition  of  its  target.  Under  acute  treat¬ 
ment,  rapamycin  is  thought  to  selectively  inhibit  mTORCl, 
which  is  often  referred  to  as  the  rapamycin-sensitive  complex. 
Conversely,  mTORC2  is  considered  rapamycin-insensitive, 
although  its  assembly  can  be  inhibited  by  prolonged  rapamycin 
treatment  in  some  cell  types  (4).  Because  of  its  perceived 
potency  and  selectivity,  rapamycin  is  commonly  used  in 
research  experiments  as  a  test  of  the  involvement  of  mTORCl 
in  a  particular  process. 

Two  downstream  mTORCl  substrates  that  were  identified, 
in  part,  by  their  sensitivity  to  rapamycin  are  the  S6  kinases 
(S6K1  and  S6K2)  and  the  translational  inhibitor  4E-BP1.  Both 
proteins  mediate  important  links  between  mTORCl  and  the 
cell  growth  machinery,  largely  through  their  influence  on  cap- 
dependent  translation  (reviewed  in  Ref.  5).  All  nuclear-encoded 
mRNAs  possess  a  5',7-methyl  guanosine  cap,  which  is  recog¬ 
nized  and  bound  by  the  small  protein  eIF-4E.  Under  growth- 
promoting  conditions,  eIF-4E  also  associates  with  the  large 


panion  of  mTOR;  PI3K,  phosphatidylinositol  3-kinase;  LC3,  light  chain  3; 
4E-BP1,  elF4E-binding  protein  1;elF4E,  eukaryotic  initiation  factor  4E;Gj8L, 
G-j8  subunit-like;  MEF,  mouse  embryonic  fibroblast;  mTORCl ,  mTOR  com¬ 
plex  1 ;  mTORC2,  mTOR  complex  2;  HEK,  human  embryonic  kidney;  DMSO, 
dimethyl  sulfoxide;  CHAPS,  3-[(3-cholamidopropyl)dimethylammonio]-1- 
propanesulfonic  acid;  ATM,  ataxia  telangiectasia,  mutated;  PI,  phospha¬ 
tidylinositol;  BSA,  bovine  serum  albumin;  PBS,  phosphate-buffered  saline; 
shRNA,  short  hairpin  RNA. 
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scaffolding  protein  eIF'4G,  the  eIF'4A  helicase,  and  the  eIF'4B 
regulatory  protein,  together  forming  the  eIF'4F  complex.  This 
complex,  in  conjunction  with  the  eIF3  preinitiation  complex, 
delivers  the  mRNA  to  the  40  S  ribosomal  subunit  and  primes 
the  translational  apparatus.  4E-BP1  interferes  with  this  process 
by  binding  to  eIF-4E  and  preventing  the  formation  of  a  func¬ 
tional  eIF-4F  complex.  However,  its  ability  to  do  this  is  blocked 
by  phosphorylation  at  four  sites,  two  of  which  are  considered 
rapamycin-sensitive.  S6K1  also  plays  a  role  in  regulating  trans¬ 
lational  initiation  by  phosphorylating  the  S6  protein  of  the  40  S 
ribosomal  subunit  and  by  stimulating  eIF-4A  helicase  activity 
(6-8). 

Despite  the  connections  of  mTORCl  to  the  translational 
machinery,  the  effects  of  rapamycin  on  mammalian  cell  growth 
and  proliferation  are,  oddly,  less  severe  than  its  effects  in  yeast. 
In  Saccharomyces  cerevisiae,  rapamycin  treatment  induces  a 
starvation-like  state  that  includes  a  severe  G^^/S  cell  cycle  arrest 
and  suppression  of  translation  initiation  to  levels  below  20%  of 
nontreated  cells  (9).  Moreover,  in  yeast  rapamycin  strongly 
promotes  induction  of  autophagy  (self-eating),  a  process  by 
which  cells  consume  cytoplasmic  proteins,  ribosomes,  and 
organelles,  such  as  mitochondria,  to  maintain  a  sufficient  sup¬ 
ply  of  amino  acids  and  other  nutrients  (10). 

The  effects  of  rapamycin  in  mammalian  cells  are  similar  to 
those  in  yeast,  but  typically  much  less  dramatic  and  highly 
dependent  on  cell  type.  For  instance,  rapamycin  only  causes  cell 
cycle  arrest  in  a  limited  number  of  cell  types  and  has  modest 
effects  on  protein  synthesis  (11-13).  Moreover,  rapamycin  is  a 
relatively  poor  inducer  of  autophagy,  and  it  is  often  used  in 
combination  with  LY294002,  an  inhibitor  of  PI3K  and  mTOR 
(14).  These  inconsistent  effects  may  explain  why,  despite  high 
expectations,  rapamycin  has  had  only  limited  success  as  a  clin¬ 
ical  anti-cancer  therapeutic.  We  have  hypothesized  that  the 
effectiveness  of  rapamycin  against  a  particular  cancer  might  be 
determined  by  its  ability  to  inhibit  mTORC2  in  addition  to 
mTORCl  (15).  To  test  this  hypothesis,  we  developed  the  ATP- 
competitive  inhibitor  Torinl  that  suppresses  both  complexes. 
In  contrast  to  rapamycin,  Torinl  treatment  recapitulates  in 
mammalian  cells  many  of  the  phenotypes  caused  by  TOR  inhi¬ 
bition  in  yeast.  Surprisingly,  however,  we  find  that  these  effects 
are  independent  of  mTORC2  and  are  instead  caused  by  inhibi¬ 
tion  of  rapamycin-resistant  functions  of  mTORCl. 

EXPERIMENTAL  PROCEDURES 

Materials — Reagents  were  obtained  from  the  following 
sources:  antibodies  to  phospho-Thr-389  S6K,  phospho-Ser- 
473  Akt,  phospho-Thr-308  Akt,  pan-Akt,  phospho-Thr-36/47 
4E-BP1,  phospho-Ser-65  4E-BP1,  phospho-Thr-70  4E-BP1, 
4E-BP1,  n-tubulin.  Raptor,  eIF-4E,  phospho-S51  eIF2Q:,  cyclin 
Dl,  cyclin  D3  and  p27/Kipl  from  Cell  Signaling  Technology 
(note:  we  have  not  confirmed  that  the  phospho-Thr-70  4E-BP1 
antibody  does  not  detect  unphosphorylated  4E-BP1);  antibod¬ 
ies  to  mTOR,  S6K,  and  horseradish  peroxidase-labeled  anti¬ 
mouse,  anti-goat,  and  anti-rabbit  secondary  antibodies  from 
Santa  Cruz  Biotechnology;  anti-Rictor  antibodies  from  Bethyl 
Laboratories;  FuGENE  6  and  Complete  Protease  Mixture  from 
Roche  Applied  Science;  FLAG  M2  antibody,  FLAG  M2-agar- 
ose,  and  ATP  from  Sigma;  7-methyl-GTP-Sepharose  from  GE 


Healthcare;  PI- 103  from  Calbiochem;  NVP-BEZ235  from  Axon 
Medchem;  rapamycin  from  LC  Laboratories;  PI3K-q:  from  Mil- 
lipore/Upstate;  CellTiter-Glo,  DNA-PK,  and  DNA-PK  peptide 
substrate  from  Promega;  phosphatidylinositol  and  phosphati- 
dylserine  from  Avanti  Polar  Lipids;  EasyTag™  EXPRESS  ^^S 
protein  labeling  mix  and  ATP  [y-^^P]  EasyTide  from 
PerkinElmer  Life  Sciences;  Dulbecco’s  modified  Eagle's 
medium  from  SAFC  Biosciences;  inactivated  fetal  calf  serum 
from  Invitrogen.  p53“^“/TSC2“^“  MEFs  as  well  as  ! 

TSC2^^^  MEFs  were  kindly  provided  by  David  Kwiatkowski 
(Harvard  Medical  School)  and  cultured  in  Dulbecco's  modified 
Eagle's  medium  with  10%  inactivated  fetal  calf  serum.  p53“^“/ 
mLST8“^“  and  p53“^“/Rictor“''“  MEFs  have  been  described 
(16).  Torinl  was  synthesized  and  purified  in  the  Gray  Labora¬ 
tory  and  is  available  upon  request. 

Cell  Lysis — Cells  rinsed  once  with  ice-cold  PBS  were  lysed  in 
ice-cold  lysis  buffer  (40  mM  HEPES,  pH  7.4, 2  mM  EDTA,  10  mM 
pyrophosphate,  10  mM  glycerophosphate,  and  0.3%  CHAPS  or 
1%  Triton  X-100,  and  1  tablet  of  EDTA-free  protease  inhibitors 
per  25  ml).  The  soluble  fractions  of  cell  lysates  were  isolated  by 
centrifugation  at  13,000  rpm  for  10  min  in  a  microcentrifuge. 

Mammalian  Lentiviral  shRNAs—hW  shRNA  vectors  were 
obtained  from  the  collection  of  The  RNAi  Consortium  at  the 
Broad  Institute  (17).  These  shRNAs  are  named  with  the  num¬ 
bers  found  at  the  RNAi  Consortium  public  website:  mouse  Rap¬ 
tor  shRNA,  TRCN0000077472,  NM_028898.1-3729slcl;  and 
mouse  Rictor  shRNA,  TRCT0000037708,  NM_030168.2- 
867slcl.  shRNA-encoding  plasmids  were  co-transfected  with 
the  A  VPR  envelope  and  vesicular  stomatitis  virus  G  packaging 
plasmids  into  actively  growing  HEK-293T  using  FuGENE  6 
transfection  reagent  as  described  previously  (18,  19).  Virus- 
containing  supernatants  were  collected  at  48  h  after  transfec¬ 
tion  and  filtered  to  eliminate  cells,  and  target  cells  were  infected 
in  the  presence  of  8  jutg/ml  Polybrene.  24  h  later,  cells  were 
selected  with  puromycin  and  analyzed  on  the  4th  day  after 
infection. 

Metabolic  Labeling — Cells  were  seeded  in  6-well  plates  and 
grown  overnight.  Cells  were  then  treated  with  appropriate 
compounds  for  2.5  h,  washed  one  time  with  cysteine/methio- 
nine-free  Dulbecco's  modified  Eagle's  medium,  and  then  incu¬ 
bated  in  2  ml  of  cysteine/methionine-free  Dulbecco's  modified 
Eagle's  medium,  10%  dialyzed  inactivated  fetal  calf  serum,  com¬ 
pound,  and  165  jutCi  (15  jutl,  11  mCi/jutl)  of  EasyTag™  EXPRESS 
^^S  protein  labeling  mix.  After  30  min,  cells  were  lysed,  and 
soluble  fractions  were  isolated  by  centrifugation  at  13,000  rpm 
for  10  min.  To  precipitate  protein,  lysates  were  spotted  on 
Whatman  filter  paper,  precipitated  with  5%  trichloroacetic 
acid,  washed  two  times  for  5  min  in  cold  10%  trichloroacetic 
acid,  washed  two  times  for  2  min  in  cold  ethanol,  washed  one 
time  for  2  min  in  acetone,  and  air-dried  at  room  temperature. 
The  amount  of  ^^S  incorporated  into  protein  was  measured 
using  a  Beckman  LS6500  Scintillation  Counter. 

mTORCl  and  mTORC2  in  Vitro  Kinase  Assays— To  produce 
soluble  mTORCl,  we  generated  HEK-293T  cell  lines  that  stably 
express  N-terminally  FLAG-tagged  Raptor  using  vesicular  sto¬ 
matitis  virus  G-pseudotyped  MSCV  retrovirus.  For  mTORC2, 
we  similarly  generated  HeLa  cells  that  stably  express  N-termi¬ 
nally  FLAG-tagged  Protor-1.  Both  complexes  were  purified  by 
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lysing  cells  in  50  mM  HEPES,  pH  7.4,  10  mM  sodium  pyrophos¬ 
phate,  10  mM  sodium  jS-glycerophosphate,  100  mM  NaCl,  2  mM 
EDTA,  0.3%  CHAPS.  Cells  were  lysed  at  4  °C  for  30  min,  and  the 
insoluble  fraction  was  removed  by  microcentrifugation  at 
13,000  rpm  for  10  min.  Supernatants  were  incubated  with 
ELAG-M2  monoclonal  antibody-agarose  for  1  h  and  then 
washed  three  times  with  lysis  buffer  and  once  with  lysis  buffer 
containing  a  final  concentration  of  0.5  M  NaCl.  Purified 
mTORCI  was  eluted  with  100  jutg/ml  3X  EL  AG  peptide  in  50 
mM  HEPES,  pH  7.4, 100  mM  NaCl.  Eluate  can  be  aliquoted  and 
stored  at  —  80°C.  Substrates  S6K1  and  Aktl  were  purified  as 
described  previously  (16,  20).  Kinase  assays  were  performed  for 
20  min  at  30  °C  in  a  final  volume  of  20  jutl  consisting  of  the  kinase 
buffer  (25  mM  HEPES,  pH  7.4,  50  mM  KCl,  10  mM  MgCl2,  500 
jULM  ATP)  and  150  ng  of  inactive  S6K1  or  Aktl  as  substrates. 
Reactions  were  stopped  by  the  addition  of  80  jA  of  sample 
buffer  and  boiled  for  5  min.  Samples  were  subsequently  ana¬ 
lyzed  by  SDS-PAGE  and  immunoblotting. 

PI3K  and  hVps34  Cellular  IC50  values  for  PI3Kq: 

were  determined  using  p53~^~/mLST8~^“  MEEs.  Cells  were 
treated  with  vehicle  or  increasing  concentrations  of  compound 
for  1  h  and  then  lysed.  Phosphorylation  of  Akt  Thr-308  was 
monitored  by  immunoblotting  using  a  phospho-specific  anti¬ 
body.  In  vitro  IC50  values  for  PI3Kq:  were  determined  as 
described  previously  (21).  Briefly,  chloroform  stocks  of  phos- 
phatidylinositol  (PI)  and  phosphatidylserine  were  combined  in 
equimolar  ratios,  dried  under  nitrogen  gas,  resuspended  in  50 
mM  HEPES,  pH  7.4,  100  mM  KCl,  sonicated  to  clarity  using  a 
bath  sonicator,  and  aliquoted  and  stored  at  —80  °C.  Eor  kinase 
assays,  purified  PI3Kq:  was  combined  with  100  pu  phosphati- 
dylserine/phosphatidylinositol,  compound,  and  10  pCi  of 
[y-^^PJATP  (100  jjLM  final  concentration)  in  kinase  buffer  and 
incubated  at  37  °C  for  20  min.  Reactions  were  stopped  with  1  n 
HCl.  Lipid  was  extracted  with  a  1:1  mixture  of  chloroform: 
methanol  and  separated  on  silica  TEC  plates.  ^^P-Labeled  phos- 
phatidylinositol  3-phosphate  was  quantitated  by  Phosphorlm- 
ager.  hVps34  was  purified  as  a  glutathione  S'-transferase  fusion 
protein  from  HEK-293T  cells(22)  and  assayed  using  the  same 
procedure. 

ATM  and  DNA-PK—Yor  DNA-PK  kinase  assays,  purified 
DNA-PK  was  combined  with  DNA-PK  peptide  substrate 
(derived  from  the  N-terminal  sequence  of  p53),  compound,  and 
10  jutCi/reaction  [y-^^PJATP  (100  [jlm  final  concentration)  in 
kinase  buffer  and  incubated  for  10  min  at  37  °C.  Reactions  were 
stopped  with  1  n  HCl  and  spotted  onto  P81  phosphocellulose 
squares.  P81  squares  were  washed  three  times  for  5  min  in 
0.75%  phosphoric  acid,  and  one  time  for  5  min  in  acetone,  dried, 
and  measured  by  scintillation  counter.  ATM  in  vitro  kinase 
assays  were  performed  according  to  previously  published  pro¬ 
tocols  (21). 

Cell  Size  Determinations— Cells  were  seeded  in  10-cm  cul¬ 
ture  dishes,  grown  overnight,  and  subjected  to  appropriate 
treatment.  24  h  later,  cells  were  harvested  by  trypsinization  in  a 
5-ml  volume,  diluted  1:20  with  counting  solution  (Isoton  II  Dil¬ 
uent,  Beckman  Coulter),  and  cell  diameters  determined  using  a 
particle  size  counter  (Coulter  Z2,  Beckman  Coulter)  with 
Coulter  Z2  AccuComp  software. 
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Cell  Proliferation/Viability  Assay— Cell  viability  was 
assessed  with  the  CellTiter-Glo  Luminescent  Cell  Viability 
Assay.  On  Day  0,  96-well  plates  were  seeded  with  500  cells  per 
well  and  grown  overnight.  On  Day  1,  cells  were  treated  with  the 
appropriate  compounds  and  subsequently  analyzed  on  Days 
3-5.  Eor  analysis,  plates  were  incubated  for  60  min  at  room 
temperature;  50  pi  of  CellTiter-Glo  reagent  was  added  to  each 
well,  and  plates  were  mixed  on  an  orbital  shaker  for  12  min. 
Luminescence  was  quantified  on  a  standard  plate  luminometer. 

Cell  Cycle  Analysis — Cells  were  seeded  in  15-cm  plates  and 
grown  overnight.  Cells  were  then  subjected  to  the  appropriate 
treatment  for  48  h  and  then  trypsinized,  washed  twice  in  PBS  + 
2%  EBS,  and  then  fixed  overnight  at  4  °C  in  ethanol.  Cells  were 
then  washed  three  times  in  PBS  +  1%  BSA  and  incubated  in 
PBS,  1%  BSA,  50  jULg/ml  propidium  iodide,  and  100  jutg/ml 
RNase  at  37  °C  for  30  min.  Cells  were  then  washed  1 X  in  PBS  + 
1%  BSA,  resuspended  in  1  ml  PBS,  and  analyzed  using  a  EACS- 
Calibur  flow  cytometer  (BD  Biosciences).  Cell  cycle  distribu¬ 
tion  was  determined  using  the  ModEit  LT  software  package. 

RESULTS 

Torinl  Is  a  Potent  and  Selective  mTOR  Inhibitor— To  identify 
small  molecule  ATP-competitive  inhibitors  of  mTOR,  we  con¬ 
ducted  a  biochemical  screen  for  inhibitors  of  mTOR  kinase 
activity  in  a  library  of  heterocyclic  chemical  compounds.  Erom 
this  screen,  we  identified  a  lead  compound  that  was  further 
elaborated  through  a  medicinal  chemistry  effort  to  produce 
Torinl,  a  member  of  the  pyridinonequinoline  class  of  kinase 
inhibitors.^  In  in  vitro  kinase  assays  using  immuno-purified 
mTORCI  or  mTORC2,  Torinl  inhibits  both  mTOR-contain- 
ing  complexes  with  IC50  values  between  2  and  10  nM  (Eig.  lA) 
and  acts  through  an  ATP-competitive  mechanism  (Pig.  1^).  We 
also  measured  the  potency  of  Torinl  in  cells.  MEEs  were  treated 
with  increasing  amounts  of  Torinl  or  the  dual  mTOR/PI3K 
inhibitors  PI- 103  and  NVP-BEZ235,  and  the  activity  of  each 
complex  was  determined  by  monitoring  the  phosphorylation 
status  of  S6K  at  Thr-389  and  Akt  at  Ser-473,  mTORCI  and 
mTORC2  substrates,  respectively  (Pig.  1C).  As  in  vitro,  the  IC5Q 
for  Torinl  in  cells  is  also  between  2  and  10  nM.  Unlike  rapamy- 
cin,  Torinl  had  no  effect  on  the  stability  of  either  mTORCI  or 
mTORC2. 

We  next  determined  the  selectivity  of  Torinl  for  mTOR  over 
other  kinases.  Because  mTOR  belongs  to  the  PI3K-like  kinase 
family,  a  family  of  protein  kinases  that  is  defined  by  a  high 
degree  of  homology  to  PI3K  within  the  catalytic  domain,  many 
inhibitors  of  PI3K,  such  as  wortmannin,  LY294002,  PI- 103,  and 
BEZ-235,  are  also  reasonable  mTOR  inhibitors  (21,  23,  24).  To 
measure  PI3K  inhibition  in  cells,  we  made  use  of  the  observa¬ 
tion  that  the  phosphorylation  of  Akt  at  Thr-308  depends  on  two 
processes  that  directly  reflect  PI3K  activity:  phosphatidylinosi- 
tol  3,4,5-triphosphate-dependent  targeting  of  Akt  to  the 
plasma  membrane  and  activation  of  PDKl,  the  kinase  that 
directly  phosphorylates  this  site.  In  wild-type  cells,  phosphoryl¬ 
ation  of  Thr-308  is  also  influenced  by  phosphorylation  at  Ser- 
473  (19,  25,  26).  To  remove  this  latter  variable,  we  tested  com¬ 
pounds  in  MEEs  where  mLST8,  an  essential  mTORC2 


^  N.  S.  Gray,  manuscript  in  preparation. 
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component,  is  deleted  and  Akt  Ser-473  is  constitutively 
dephosphorylated.  Because  Ser-473  is  fixed  in  a  single  state  in 
these  cell  lines,  phosphorylation  at  Thr-308  only  reflects  PI3K 
activity.  Using  this  system,  we  determined  the  cellular  IC50  of 
Torinl  for  PI3K  to  be  1.8  (jlm  (Fig.  ID),  nearly  identical  to  our 
in  vitro  measurement  of  the  IC50  for  PI3Kq:  (Fig.  ID).  We  also 
profiled  our  compound  against  other  PI3K  isoforms  using  the 
Adapta  in  vitro  assay  method,  which  confirmed  a  high  degree  of 
selectivity  for  mTOR  (Fig.  ID). 

Compounds  that  inhibit  PI3K  and  mTOR  also  have  the 
potential  to  inhibit  other  PBK-like  kinases,  including  the  DNA- 
damage  response  kinases  ATM  and  DNA-PK.  For  DNA-PK 
and  ATM,  we  measured  the  IC50  of  Torinl  using  in  vitro  assays 
(Fig.  ID).  We  also  measured  inhibition  of  the  Class  III  PI3K 
hVps34.  Some  reports  have  proposed  that  hVps34  acts 
upstream  of  mTORCl,  and  we  wanted  to  be  sure  that  cross- 
reactivity  with  this  kinase  was  not  indirectly  influencing 
mTORCl  activity  in  cells  (22).  Torinl  was  at  least  200-fold 
selective  for  mTOR  over  each  of  these  kinases.  Finally,  we 
screened  Torinl  at  a  concentration  of  10  ijlm  against  a  panel  of 
353  diverse  kinases  using  the  Ambit  Biosciences  KinomeScan 
screening  platform,  which  measures  the  relative  binding  of  the 
target  molecule  to  each  kinase,  and  we  found  no  indication  of 
significant  off-target  effects  (data  shown  in  supplemental  mate¬ 
rial).  These  results  suggest  that  Torinl  is  a  highly  selective 
inhibitor  of  mTOR  when  profiled  against  an  extensive  panel  of 
serine/threonine,  tyrosine,  and  lipid  kinases. 

Torinl  Causes  Cell  Cycle  Arrest  through  a  Rapamycin-resist¬ 
ant  Mechanism  That  Is  Also  Independent  of  mTORC2—Om 
next  goal  was  to  test  the  role  of  mTOR  signaling  in  normally 
growing  cells.  Rapamycin-mediated  mTORCl  inhibition  slows 
cell  proliferation  and  reduces  cell  size,  and  so  we  suspected  that 
dual  mTORCl/2  inhibition  would  have  similar  but  more  severe 
effects  (22).  Indeed,  wild-type  MEFs  treated  with  up  to  500  nM 
rapamycin  continued  to  proliferate,  albeit  at  a  reduced  rate  (Fig. 
2A  and  supplemental  Fig.  S2).  In  contrast,  250  nM  Torinl  com¬ 
pletely  inhibited  proliferation  (Fig.  2A  and  supplemental  Fig. 
S2)  and  caused  a  G^/S  cell  cycle  arrest  (Fig.  2D).  Moreover,  250 
nM  Torinl  decreased  cell  size  to  a  greater  degree  than  50  nM 
rapamycin  (Fig.  2C).  Based  on  the  assumption  that  rapamycin 
completely  disables  mTORCl  kinase  activity,  we  hypothesized 
that  the  enhanced  effect  of  Torinl  was  because  of  mTORC2 
inhibition. 

To  test  this  hypothesis,  we  conducted  identical  experiments 
using  MEFs  that  lack  mTORC2  activity  because  Rictor  has  been 
deleted  (16).  We  reasoned  that  Torinl  should  have  the  same 


effect  as  rapamycin  on  the  proliferation  and  growth  of  these 
cells  because  mTORC2  is  already  inhibited.  As  in  wild-type 
MEFs,  rapamycin  reduced  but  did  not  prevent  proliferation 
(Fig.  2D).  However,  we  were  surprised  to  find  that  Torinl  con¬ 
tinued  to  dramatically  suppress  proliferation  and  diminish  cell 
size  (Fig.  2,  D-D),  indicating  that  the  differential  effects  of  this 
compound  with  respect  to  rapamycin  were  not  due  to 
mTORC2  inhibition.  Thus,  mTOR  has  functions  that  are  abso¬ 
lutely  required  for  cell  growth  and  proliferation  and  that  are 
kinase-dependent,  rapamycin-resistant,  and  independent  of 
mTORC2. 

Torinl  Disrupts  mTORCl -dependent  Phenotypes  More  Com¬ 
pletely  than  Rapamycin — Despite  the  widely  held  assumption 
to  the  contrary,  one  explanation  for  our  results  is  that  rapamy¬ 
cin  inhibits  some  but  not  all  of  the  functions  of  mTORCl.  To 
explore  this  possibility,  we  examined  the  effects  of  Torinl  on 
other  processes  besides  growth  and  proliferation  that  are 
commonly  associated  with  mTORCl  signaling.  One  such 
process  is  macroautophagy,  often  referred  to  simply  as  auto- 
phagy.  Normally  considered  a  response  to  starvation  condi¬ 
tions,  autophagy  involves  the  formation  of  large  double¬ 
membrane  enclosed  vesicles  that  engulf  cytoplasmic 
contents,  including  both  proteins  and  organelles  (reviewed 
in  Ref.  27).  These  vesicles  then  fuse  with  lysosomes  to  form 
autophagosomes  that  digest  their  contents,  providing  the 
cell  with  a  source  of  amino  acids  and  other  nutrients  when 
these  are  not  available  from  the  environment. 

In  yeast,  rapamycin  is  a  potent  activator  of  autophagy  (10). 
The  situation  is  less  clear  in  mammalian  systems,  where  rapa¬ 
mycin  alone  is,  at  best,  an  inconsistent  activator  of  autophagy 
and  frequently  requires  combination  with  other  PI3K/mTOR 
inhibitors,  such  as  LY294002,  or  concomitant  starvation  for 
nutrients.  We  suspected  that  autophagy  might  also  be  regulated 
in  part  by  rapamycin-resistant  functions  of  mTORCl.  A  com¬ 
monly  used  marker  of  autophagy  is  the  protein  light  chain  3 
(LC3),  which  translocates  from  the  cytoplasm  to  autophago¬ 
somes  where  it  is  degraded  when  autophagy  is  induced  (28). 
Using  a  green  fluorescent  protein-tagged  LC3  construct,  we 
found  that  Torinl  causes  a  strong  re-localization  of  LC3  from 
the  cytoplasm  to  autophagosomes  in  both  wild-type  and 
Rictor“^“  MEFs,  whereas  rapamycin  caused  only  a  minor  change 
(Fig.  3A).  Furthermore,  we  found  that  Torinl  treatment,  like 
amino  acid  starvation,  causes  degradation  of  LC3B  (LC3B-I) 
and  transient  accumulation  of  the  faster  running  lipidated  form 
(LC3B-II)  in  both  MEFs  and  HeLa  cells  (Fig.  3D  and  supplemen¬ 
tal  Fig.  S4A).  An  RNA  interference-induced  decrease  in  Raptor 


FIGURE  1.  Torinl  is  a  potent  and  selective  mTOR  inhibitor.  A  Torinl  inhibits  mTORCl  and  mTORC2  in  vitro.  mTORCl  and  mTORC2  were  purified  from 
HEK-293T  stably  expressing  FLAG-Raptor  and  FleLa  cells  expressing  FLAG-Protor-1 ,  respectively.  Following  FLAG  purification,  each  complex  was  subjected  to 
in  vitro  kinase  assays  using  S6K1  as  a  substrate  for  mTORCl  and  Aktl  as  a  substrate  for  mTORC2.  Assays  were  then  analyzed  by  immunoblotting  for  the 
indicated  proteins  and  phosphorylation  states.  B,  Torinl  is  an  ATP-competitive  inhibitor.  The  in  vitro  kinase  activity  of  purified  mTORCl  toward  S6K1  was 
assayed  in  the  presence  of  20  nM  Torinl  and  increasing  concentrations  of  ATP,  as  indicated.  Assays  were  then  analyzed  by  immunoblotting  for  the  indicated 
proteins  and  phosphorylation  states.  C,  Torinl  is  a  potent  mTORCl  and  mTORC2  inhibitor  in  cells.  MEFs  (p53^^“)  were  treated  with  increasing  concentrations 
of  Torinl  or  dual  mTOR/PI3K  inhibitors  PI-1 03  and  BEZ-235  for  1  h  and  then  analyzed  by  immunoblotting  for  the  indicated  proteins  and  phosphorylation  states. 
D,  Torinl  has  little  effect  on  PI3K  at  concentrations  where  mTOR  is  completely  inhibited.  The  experiment  was  performed  as  in  C  using  mLST8-null  MEFs  and 
phosphorylation  of  Akt  atThr-308  was  determined  by  immunoblotting.  In  mLST8-null  MEFs,  mTORC2  is  inactive  and  Akt  Ser-473  is  constitutively  dephospho¬ 
rylated  and  so  PDK1 -mediated  phosphorylation  ofThr-308  only  reflects  PI3K  activity.  E,  Torinl  is  selective  for  mTOR  over  related  kinases.  IC50  values  for  Torinl 
were  determined  using  in  vitro  kinase  assays  for  mTOR  (3  nM),  hVps34  (3  juM),  PI3K-q;  (1 .8  juM),  DNA-PK  (1 .0  juM),  and  ATM  (0.6  plm).  IC50  values  for  PI-1 03  for  mTOR 
(1 20  nM),  PI3K-Q;  (1 00  nM),  DNA-PK  (40  nM)  were  determined  by  the  same  assays.  IC50  values  for  PI-1 03  for  hVps34  (1 0  ijM)  and  ATM  (1 .0  plm)  were  determined 
previously  (21 ).  F,  Torinl  is  selective  for  mTOR  over  other  PI3K  isoforms.  EC50  values  were  determined  for  the  indicated  PI3K  isoforms  using  the  Invitrogen 
Adapta  platform.  The  EC50  for  mTOR  was  determined  using  the  cell-based  LanthaScreen  platform. 
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FIGURE  2.  mTOR  inhibition  prevents  cell  growth  and  proliferation  through  an  mTORC2-independent  mechanism.  A  mTOR  inhibition  by  Torini  but 
not  rapamycin  prevents  the  proliferation  of  wild-type  MEFs.  MEF  (p53“^“)  cells  were  grown  in  the  presence  of  vehicle  {blue),  50  nivi  rapamycin  {orange), 
or  250  nM  Torini  {green)  for  4  days.  Cell  proliferation  was  measured  in  triplicate  at  indicated  time  points  using  the  CellTiterGlo  viability  assay.  B,  Torini 
causes  a  G/S  cell  cycle  arrest  in  wild-type  MEFs.  MEF  (p53“''“)  cells  were  treated  with  vehicle  (DMSO),  50  nivi  rapamycin  {rapa),  or  250  nivi  Torini  for  48  h. 
Cells  were  then  harvested,  stained  with  propidium  iodide,  and  analyzed  by  flow  cytometry.  C,  normalized  cell  size  distributions  for  Torini  and 
rapamycin-treated  wild-type  MEFs.  MEF  (p53“''“)  cells  were  treated  with  vehicle  {blue,  mean  1 7.81  prr\),  50  nivi  rapamycin  {orange,  mean  1 7.58),  or  250 
nM  Torini  {green,  mean  16.46  pm)  for  24  h.  Cell  sizes  were  measured  using  a  particle  counter  and  are  displayed  as  a  histogram.  D,  experiment  was 
performed  as  in  A  using  Rictor^^”,  p53“^“  MEFs.  E,  experiment  was  performed  as  in  B  using  Rictor^''”,  p53^^“  MEFs.  F,  experiment  was  performed  as  in 
C  using  Rictor“^“,  p53“^“  MEFs.  Cells  were  treated  with  vehicle  {blue,  mean  diameter  1 7.85  pm),  50  nM  rapamycin  {orange,  mean  diameter  1 7.33  pm), 
or  250  nM  Torini  {green,  mean  diameter  16.24  pm). 
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FIGURE  3.  Torini  inhibits  mTORCI  -dependent  processes  that  are  resistant  to  rapamycin.  A  Torini  but  not 
rapamycin  {Rapa)  causes  LC3  to  relocalize  from  the  cytoplasm  to  autophagosomes.  Wild-type  (p53“^“)  or 
Rictor-null  (p53~^')  MEFs  were  transiently  transfected  with  GFP-LC3  and  treated  with  vehicle  {Veh)  (DMSO),  50 
nM  rapamycin,  or  250  nivi  Torini  for  3  h  before  being  fixed  and  processed.  Cells  were  also  stained  with  Hoechst 
to  visualize  nuclei  and  imaged  at  X63.  B,  amino  acid  starvation  and  Torini,  but  not  rapamycin,  cause  LC3 
degradation.  Wild-type  (p53^^“)  and  Rictor-null  (p53~^“)  MEFs  were  treated  with  vehicle  (DMSO),  50  nivi  rapa¬ 
mycin,  250  nM  Torini  or  grown  in  amino  acid  (yAyA)-free  conditions  for  0,  1,  3,  or  6  h.  Cells  were  lysed  at  the 
indicated  time  points  and  analyzed  by  immunoblotting.  Induction  of  autophagy  causes  the  degradation  of  the 
native  LC3B  {LC3B-I)  protein  and  the  transient  accumulation  of  the  faster  running  lipidated  version  {LC3B-II). 
C,  Torini  suppresses  global  protein  synthesis  through  a  rapamycin-resistant  and  mTORC2-independent  proc¬ 
ess.  Wild-type  (p53“^“)  and  Rictor-null  (p53~^“)  MEFs  were  treated  with  vehicle  (DMSO),  50  nM  rapamycin 
{Rap),  250  nM  Torini,  or  10  pig/ml  cycloheximide  {Chx)  for  2.5  h  and  then  pulsed  with  ^^S-labeled  methionine 
and  cysteine  for  30  min.  The  amount  of  ^^S  incorporation  was  determined  by  scintillation  counting.  Measure¬ 
ments  were  made  in  triplicate,  and  error  bars  indicate  standard  deviation. 


expression  affected  LC3  in  a  similar  fashion  as  Torini  treat¬ 
ment  (supplemental  Fig.  S4B),  Collectively,  these  results  sug¬ 
gest  that  mTORCI  inhibition  is  sufficient  to  induce  autophagy. 
Although  the  signaling  mechanisms  that  connect  mTORCI  to 
autophagy  are  currently  unclear,  ATP-competitive  inhibitors, 
like  Torini,  will  likely  reveal  specific  roles  for  mTORCI  that 
have  been  missed  because  of  their  insensitivity  to  rapamycin. 

The  mTORCI  pathway  also  has  many  connections  to  the 
regulation  of  cap-dependent  translation.  However,  rapamycin 
often  has  only  modest  effects  on  rates  of  protein  synthesis.  To 
test  whether  Torini  might  inhibit  protein  synthesis  more 
completely,  we  metabolically  labeled  cells  using  methio¬ 
nine/cysteine  in  the  presence  of  either  Torini  or  rapamycin. 
Surprisingly,  whereas  rapamycin  had  very  little  effect, 
Torini  caused  a  nearly  50%  decline  in  total  protein  synthesis 
in  both  wild-type  and  Rictor“^“  MEFs  (Fig.  3C).  As  with 
autophagy,  these  results  indicate  that  mTORCI  is  a  far  more 


important  regulator  of  protein 
synthesis  than  experiments  with 
rapamycin  have  indicated. 

Rapamycin-resistant  Functions 
of  mTORCI  Are  Required  for  Cap- 
dependent  Translation— Becsiuse 
known  mTORCI  substrates,  S6K 
and  4E-BP1,  are  important  regula¬ 
tors  of  mRNA  translation,  we  next 
considered  whether  either  is  in¬ 
volved  in  the  transduction  of 
mTORCI -dependent  but  rapamy¬ 
cin-resistant  functions.  S6K  activity 
has  been  shown  to  be  completely 
inhibited  by  rapamycin  treatment, 
and  therefore  we  considered  it 
unlikely  to  be  the  target  of  any 
rapamycin-resistant  activity  of 
mTORCI.  4E-BP1,  however,  is  sub¬ 
ject  to  a  more  complex  regulatory 
process.  The  ability  of  4E-BP1  to 
bind  and  inhibit  eIF-4E  is  primarily 
regulated  by  the  phosphorylation  of 
four  residues:  Thr-37,  Thr-46,  Ser- 
65,  and  Thr-70.  Phosphorylation  of 
Thr-37  and  Thr-46  is  thought  to  be 
a  priming  event  that  permits  the 
phosphorylation  of  the  other  two, 
thereby  promoting  dissociation 
from  eIP-4E  and  permitting  the  for¬ 
mation  of  a  functional  eIP-4P  com¬ 
plex  (29).  mTORCI  has  been  impli¬ 
cated  in  the  regulation  of  4E-BP1, 
but  there  are  conflicting  accounts 
of  the  importance  of  this  connec¬ 
tion  as  well  as  the  underlying  mecha¬ 
nism.  Eor  instance,  mTORCI  phos- 
phorylates  the  Thr-37  and  Thr-46 
sites  in  vitro,  but  these  sites  are  con¬ 
sidered  rapamycin-insensitive  in  cells 
(30-32).  Conversely,  mTORCI  has 
little  effect  in  vitro  on  the  phosphorylation  of  sites  that  are  con¬ 
sidered  rapamycin-sensitive,  Ser-65  and  Thr-70.  Moreover,  a 
C-terminal  motif  in  4E-BP1,  known  as  the  TOR  signaling  motif 
and  believed  to  mediate  binding  to  mTORCI,  and  the  N-termi- 
nal  RAIP  motif  are  required  for  phosphorylation  of  all  sites 
(33-35).  Einally,  although  rapamycin  causes  a  substantial 
decrease  in  overall  protein  translation  in  some  cell  types  (36),  it 
has  very  little  effect  in  others  (13).  A  possible  explanation  is 
simply  that  rapamycin  cannot  completely  inhibit  mTORCl- 
dependent  phosphorylation  of  4E-BP1. 

To  test  this  hypothesis,  we  treated  MEEs  with  increasing 
concentrations  of  either  Torini  or  rapamycin  and  assessed  the 
phosphorylation  status  of  Thr-36,  Thr-47,  Ser-65,  and  Thr-70 
by  immunoblotting  (Eig.  4A).  Rapamycin  completely  prevented 
phosphorylation  of  S6K1  and  caused  a  slight  decrease  in  the 
phosphorylation  of  Ser-65  of  4E-BP1,  but  it  had  little  effect  on 
the  phosphorylation  of  either  Thr-37/46  or  Thr-70  even  at  con- 
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FIGURE  4.  mTORCI  regulation  of  4E-BP1  phosphorylation  and  binding  to  elF-4E  reveals  rapamycin-resistant  functions.  A,  phosphorylation  of  4E-BP1  at 
Thr-37/46  and  Ser-65  is  dependent  on  mTORCI  but  resistant  to  rapamycin.  Wild-type  (p53“^“)  and  Rictor-null  (p53“^“)  MEFs  were  treated  with  the  indicated 
concentrations  of  Torini  or  rapamycin  for  1  h  and  then  lysed.  Cell  lysates  were  analyzed  by  immunoblot  using  antibodies  specific  for  the  indicated  proteins  or 
phosphorylation  states.  Torini  increases  the  amount  of  4E-BP1  bound  to  elF-4E  to  a  degree  that  far  exceeds  the  effects  of  rapamycin.  Wild-type  (p53“^“)  and 
Rictor-null  (p53“''“)  MEFs  were  treated  with  vehicle  (DMSO),  50  nM  rapamycin,  or  250  nM  Torini  for  1  h  before  lysis.  elF-4E  was  purified  from  lysates  using 
7-methyl-GTP-Sepharose  and  analyzed  by  immunoblotting  for  the  indicated  proteins.  C,  phosphorylation  of  Thr-36/47  on  4E-BP1  requires  Raptor  but  not 
Rictor.  MEFs  (p53“^“)  were  infected  with  lentivirus  expressing  either  control,  Raptor-specific,  or  Rictor-specific  shRNAs.  Cells  were  grown  for  4  days  and  then 
treated  with  vehicle  (DMSO),  50  nM  rapamycin,  or  250  nM  Torini  for  1  h.  Cell  lysates  were  then  analyzed  by  immunoblot  using  antibodies  specific  for  the 
indicated  proteins  or  phosphorylation  states.  D,  prolonged  mTOR  inhibition  alters  the  expression  of  key  cell  cycle  regulators.  Wild-type  (p53^^“)  and  Rictor-null 
(p53“^“)  MEFs  were  treated  with  vehicle  (DMSO),  50  nM  rapamycin,  or  250  nM  Torini  for  48  h.  Cell  lysates  were  then  analyzed  by  immunoblotting  using 
antibodies  specific  for  the  indicated  proteins.  E,  Torini  prevents  phosphorylation  of  rapamycin-resistant  sites  in  human  cancer  cell  lines.  MCF7,  HCT1 16,  HeLa, 
and  HEK-293T  cell  lines  were  treated  with  vehicle  {Veh),  rapamycin  {Rap)  (50  or  250  nM),  or  Torini  (50  or  250  nM)  for  1  h  and  then  analyzed  by  immunoblotting 
for  the  indicated  proteins  and  phosphorylation  states.  E,  Torini  increases  the  amount  of  4E-BP1  bound  toelF-4E  in  human  cancer  cell  lines.  MCF7  and  HCT1 16 
cells  were  treated  with  vehicle  (DMSO),  50  nM  rapamycin,  50  nM  Torini,  or  250  nM  Torini  for  48  h  before  lysis.  elF-4E  was  purified  from  lysates  using 
7-methyl-GTP-Sepharose  and  analyzed  by  immunoblotting  for  the  indicated  proteins. 


centrations  as  high  as  500  nM,  over  500  times  greater  than  its 
IC50  value  for  inhibition  of  mTORCI  (Fig.  44).  In  striking  con¬ 
trast,  Torini  substantially  suppressed  phosphorylation  of  Thr- 
37/46  and  Ser-65  at  concentrations  as  low  as  10  nM  and  abol¬ 
ished  it  completely  at  250  nM  (Fig.  4A),  Torini  had  nearly 
identical  effects  in  Rictor-null  MEFs,  consistent  with  the 
hypothesis  that  these  effects  are  because  of  inhibition  of 
mTORCI  (Fig.  44).  Surprisingly,  Thr-70  was  unaffected  by 
either  Torini  or  rapamycin,  supporting  earlier  predictions  that 
it  may  be  the  target  of  a  different  kinase,  such  as  Erk2  (37). 
Alternatively,  it  is  possible  that  the  Thr-70  4E-BP1  antibody  is 
not  phospho-specific.  The  dual-PI3K/mTOR  inhibitors  PI- 103 
and  NVP-BEZ235  caused  similar  effects  as  Torini  on  4E-BP1 
phosphorylation  (supplemental  Fig.  S3).  Additionally,  Torini 
had  much  greater  effects  than  rapamycin  on  4E-BP1  phospho¬ 
rylation  in  a  variety  of  human  tumor  cell  lines,  indicating  that 
rapamycin  resistance  of  mTORCI  is  likely  a  general  feature  of 
most  if  not  all  mammalian  systems  (Fig.  4^).  We  next  asked 
whether  the  increased  dephosphorylation  of  4E-BP1  by  Torini 
led  to  increased  association  with  eIF-4E.  Using  7-methyl-GTP- 


Sepharose  to  purify  eIF-4E  from  cell  lysates,  we  found  that 
Torini  causes  substantially  more  binding  of  4E-BP1  to  eIF-4E 
than  does  rapamycin  (Fig.  4,  B  and  P),  Torini  did  not  affect  the 
phosphorylation  of  eIF2  (supplemental  Fig.  S5). 

Because  the  effects  of  Torini  were  nearly  equivalent  in  wild- 
type  and  Rictor-null  MEFs,  we  concluded  that  they  could  not  be 
dependent  on  mTORC2.  However,  it  remained  possible  that 
mTOR  alone  or  an  unidentified  mTORC3  were  responsible.  To 
show  that  mTORCI  inhibition  is  sufficient  to  explain  the 
effects  of  Torini  on  4E-BP1  phosphorylation,  we  used  RNA 
interference  to  knock  down  Raptor,  an  obligatory  mTORCI 
component,  in  wild-type  MEEs  (Eig.  4C).  Depletion  of  Raptor  in 
these  cells  suppressed  Thr-37/46  and  Ser-65  phosphorylation 
and  4E-BP1  mobility  to  a  degree  that  equaled  the  effects  of 
Torini  and  exceeded  those  of  rapamycin,  thereby  supporting 
the  conclusion  that  mTORCI,  or  at  least  a  Raptor-containing 
mTOR  complex,  regulates  4E-BP1  phosphorylation  through  a 
rapamycin-insensitive  kinase-dependent  mechanism. 

Defects  in  cap-dependent  translation  are  also  known  to  cause 
cell  cycle  arrest.  This  is  thought  to  occur  primarily  through 
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decreased  translation  of  cap-dependent  mRNAs  that  encode 
factors  that  promote  cell  cycle  progression,  such  as  cyclin  D1 
and  cyclin  D3,  and  increased  translation  of  cap-independent 
mRNAs  that  encode  factors  that  suppress  it,  such  as  p27Kipl 
(38-40).  Moreover,  recent  work  has  shown  that  the  depletion 
of  cyclin  D1  that  is  caused  by  amino  acid  starvation  and  rapa- 
mycin  treated  is  mediated  by  4E-BP1  (41).  We  suspected  that 
the  cell  cycle  arrest  caused  by  Torinl  might  be  explained  by 
changes  in  the  abundance  of  these  factors.  Consistent  with  this, 
both  wild-type  and  Rictor-null  MEFs  treated  for  48  h  with 
Torinl,  but  not  rapamycin,  had  greatly  depleted  levels  of  cyclin 
D1  and  D3,  and  a  strong  induction  of  p27/Kipl  (Fig.  4D).  The 
ability  of  cells  to  recover  from  this  arrest  upon  the  removal  of 
Torinl  was  highly  dependent  on  cell  type  (data  not  shown). 

DISCUSSION 

Rapamycin  has  been  an  indispensable  tool  throughout  the 
history  of  TOR  research  and  remains  widely  employed  as  a 
“complete”  mTORCl  inhibitor  in  both  research  and  clinical 
settings.  Indeed,  in  yeast,  it  is  a  convincing  mimic  of  the  genetic 
inactivation  of  TORCl.  In  mammalian  systems,  most  known 
mTOR  substrates  were  discovered  and  validated  using  rapamy¬ 
cin  as  a  pharmacological  probe.  Rapamycin  forms  a  complex 
with  the  intracellular  protein  FKBP12,  which  then  binds  to  the 
FRB  domain  of  mTOR  and  inhibits  phosphorylation  of  sub¬ 
strates  through  a  poorly  characterized  mechanism.  Although 
structural  information  is  available  for  rapamycin  in  a  complex 
with  FKBP12  and  the  FRB  domain  of  mTOR,  it  remains  unclear 
how  this  prevents  phosphorylation  of  direct  mTOR  kinase  sub¬ 
strates  (42).  A  model  to  explain  our  findings  is  that  rapamycin 
blocks  access  to  only  a  specific  subset  of  mTORCl  substrates, 
whereas  Torinl,  because  of  its  ATP-competitive  mode  of 
action,  blocks  phosphorylation  of  all.  Additionally,  as  Torinl  is 
much  smaller  than  FKBP12-rapamycin,  it  likely  accesses  its  tar¬ 
get  site  in  mTOR-containing  complexes  more  easily  than 
FKBP12-rapamycin. 

Re-interpretations  of  several  recent  studies  support  the 
notion  that  considerable  mTORCl  functionality  is  resistant  to 
rapamycin.  Shor  et  al  (13)  found  that  high  concentrations  (10 
Ijlm)  of  rapamycin  inhibit  mTOR  directly  through  an  FKBP  12- 
independent  mechanism,  suppressing  both  mTORCl  and 
mTORC2.  Unlike  the  commonly  used  “low  dose”  (10-50  um) 
and  similarly  to  Torinl,  “high-dose”  rapamycin  potently  sup¬ 
presses  cap-dependent  translation  and  inhibits  proliferation  in 
a  wide  variety  of  tumor  cell  lines.  Although  these  authors  con¬ 
cluded  that  these  effects  are  because  of  mTORC2  inhibition, 
our  findings  indicate  that  they  are  more  likely  because  of  inhi¬ 
bition  of  rapamycin-resistant  mTORCl-dependent  functions. 
A  study  from  Averous  et  al  (41)  found  that  amino  acid  starva¬ 
tion  caused  a  more  complete  depletion  of  cyclin  D1  than  rapa¬ 
mycin  treatment  and  that  this  effect  was  mediated  through 
4E-BP1.  Based  on  the  assumption  that  rapamycin  completely 
disables  mTORCl,  these  authors  concluded  that  amino  acid 
starvation  signals  to  4E-BP1  through  additional  pathways 
besides  mTORCl.  We  would  suggest  that  it  is  more  likely  that 
amino  acid  starvation  leads  to  a  more  complete  inhibition  of 
mTORCl  functions  than  does  rapamycin.  Finally,  Choo  et  al 
(43)  found  that  phosphorylation  sites  on  4E-BP1  that  are 


acutely  sensitive  to  rapamycin  become  re-phosphorylated  in 
some  cell  lines  after  long  periods  of  rapamycin  treatment. 
Moreover,  the  recovery  of  4E-BP1  phosphorylation  depends  on 
the  mTORCl  component  Raptor,  leading  the  authors  to  con¬ 
clude  that  prolonged  rapamycin  treatment  confers  on 
mTORCl  the  capacity  to  phosphorylate  4E-BP1  in  a  rapamy¬ 
cin-resistant  fashion.  We  find  that  mTORCl  likely  has  rapamy¬ 
cin-resistant  functions  in  all  cell  lines  (Fig.  4F').  Because  pro¬ 
longed  rapamycin  treatment  is  known  to  hyperactivate  the 
PI3K  pathway,  which  is  upstream  of  mTORCl,  one  possible 
explanation  for  the  results  of  Choo  et  al  (43)  is  that  rapamycin 
leads  to  the  hyperactivation  of  the  rapamycin-resistant  func¬ 
tionality  of  mTORCl,  effectively  overcoming  the  partial  inhi¬ 
bition  caused  by  rapamycin. 

Because  many  important  features  of  TOR  signaling  are  con¬ 
served  between  yeast  and  mammals,  our  finding  that  mTORCl 
possesses  cell-essential  but  rapamycin-resistant  functions  is 
unexpected.  At  the  same  time,  our  results  indicate  that  the 
requirements  for  TORCl  signaling  in  maintaining  protein  syn¬ 
thesis  and  promoting  cell  division  are  more  similar  between 
yeast  and  mammalian  systems  than  had  been  appreciated. 
Although  we  have  focused  on  the  rapamycin-insensitive  regu¬ 
lation  of  4E-BP1,  we  consider  it  likely  that  other  similar 
mTORCl  substrates  exist,  particularly  among  the  regulators  of 
autophagy.  The  future  combined  use  of  Torinl  and  phospho- 
proteomics  will  likely  permit  a  more  comprehensive  assess¬ 
ment  of  all  mTOR  substrates.  Given  the  current  enthusiasm  for 
rapamycin  as  a  potential  therapeutic,  it  is  likely  that  ATP-com- 
petitive  inhibitors  of  mTOR  will  have  clinical  utility  as  well. 
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